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Abstract: We investigate neutrino mass generation scenarios where the lepton number
breaking new physics couples only to the Standard Model (SM) right-handed charged lepton
chirality. The lowest-order lepton number violating effective operator which describes this
framework is a unique dimension nine operator involving SM gauge fields, O9. We find that
there are two possible classes of new physics scenarios giving rise to this O9 operator. In
these scenarios neutrino masses are induced radiatively via dark matter interactions, linking
the dark matter to a natural explanation for the smallness of neutrino masses compared
to the electroweak scale. We discuss the phenomenology and existing constraints in the
different neutrino mass models within each class. In particular, we analyze the important
interplay between neutrino mixing and neutrinoless double β-decay in order to predict
characteristic signatures and disfavour certain scenarios.
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1 Introduction
The quest to unravel the mechanism responsible for neutrino masses is a central aspect of
neutrino physics, tightly linked to the Dirac or Majorana nature of neutrinos. Under the
assumption that neutrinos are Majorana particles, a general classification of the possible
lepton-number-violating higher-dimensional operators up to dimension D = 11 that could
cause neutrino mass generation has been carried out in [1, 2] (see also [3] for a recent discus-
sion in the context of neutrinoless double β-decay). This classification, aimed at providing
a general understanding of new physics breaking lepton number by two units (∆L = 2),
focused on higher-dimensional operators built from Standard Model (SM) quarks, leptons
as well as the SM Higgs doublet. This classification has however left-out an entire class
of ∆L = 2 operators, namely those containing also SM gauge fields, as these operators
were initially deemed unable to accommodate a suitable renormalizable completion yield-
ing neutrino masses.
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In recent years, counterexamples to the latter argument have been found [4–8]1 (see
also [10] for a recent overview of neutrino mass models which include these counterexam-
ples). These examples have in turn unravelled a very interesting connection between the
presence of SM gauge field in the higher-dimensional ∆L = 2 operator, the chirality of the
SM leptons present in the operator and its lowest possible dimension D [6]. In a certain
way these cases yield generalizations of the “uniqueness” of the Weinberg operator [11],
which contains two left-handed chirality leptons, to alternative lowest-order ∆L = 2 op-
erators that instead have left-right (LR) or right-right (RR) chirality assignments to the
SM leptons in the operator, as discussed in [6]. In particular, for lepton number violation
involving only SM leptons of right-handed chirality (the RR assignment) the lowest order
∆L = 2 effective SM operator is unique and appears at D = 9 [6, 12], which in this work
we label as operator O9. Among the salient features of O9 is the fact that neutrino masses
from this lepton number violating operator are generated at the earliest at the 2-loop order,
thereby providing a natural explanation for the smallness of neutrino masses.
In this work, we analyse in detail the structure and properties of possible renormal-
izable completions to the operator O9 in beyond Standard Model (BSM) scenarios. At
the same time, we show that for a wide range of renormalizable completions there is a
connection between neutrino masses and dark matter (DM), with the DM candidate tak-
ing an active part in the mechanism of neutrino mass generation. In such cases, neutrino
masses are generated at 3-loops or higher.2 We identify two general classes for renormaliz-
able completions of the O9 operator, discuss the general phenomenological aspects of both
classes and provide several examples of specific radiative neutrino mass models (several of
them genuinely new) belonging to each class.
The paper is organized as follows: Section 2 introduces the unique (dimension D = 9)
∆L = 2 RR operator O9, and discusses various aspects of it. We then proceed to show how
every renormalizable completion of this operator can be categorised into two distinct classes
of models. In section 3 the two classes’ distinct phenomenological features are described
and several explicit model realizations are presented. The interplay of neutrino mixing and
neutrinoless double β-decay within each class is studied and its phenomenological impact
is discussed in section 4, before we conclude in section 5.
2 Decomposing the lepton number breaking operator O9
From an Effective Field Theory (EFT) perspective, Majorana neutrino mass generation
is described via non-renormalizable (dimension D ≥ 5) operators of SM fields that break
lepton number by two units (∆L = 2). As outlined in the introduction, a general classifica-
tion of such SU(3)C × SU(2)L ×U(1)Y gauge invariant operators3, built from SM quarks,
leptons and the SM Higgs doublet, is provided in [1, 2] up to dimension D = 11. However,
1See also [9] for a brief discussion on such counterexamples triggered by correspondence with the Authors
of the present manuscript.
2See [13] instead for an analysis of 3-loop neutrino mass models from the Weinberg operator.
3We assume that no gauge symmetries beyond of those of the SM (and under which the SM fields are
charged) are present.
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Figure 1. Left: Operator O9 from Eq. (2.1). Right: 2-loop neutrino mass from O9. The crosses
(×) correspond to SM charged-lepton mass insertions.
operators involving SM gauge bosons are not contained in this classification. Here we focus
on one such ∆L = 2 operator involving SM gauge bosons (see Figure 1 (left)), given by
O9 ≡ `cRa`Rb
[
(DµH)
T iσ2H
]2
, (2.1)
with a, b being flavor indices on the right-handed charged leptons `R, H being the SM
Higgs doublet and σα (α = 1, 2, 3) being the Pauli matrices. This D = 9 operator is very
particular, namely it is the unique lowest order ∆L = 2 effective SM operator under the
assumption that the new physics breaking lepton number couples only to SM leptons of
right-handed chirality (and not to those of left-handed chirality) [6]. Besides its uniqueness,
O9 has several features which make it rather appealing for neutrino mass generation: (i)
It generates neutrino masses at 2-loop order (see Figure 1 (right)), yielding an elegant
argument for the smallness of neutrino masses. (ii) In the flavor basis, the entries of the
neutrino mass matrix mνab are proportional to the SM charged lepton masses: m
ν
ab ∝ m`am`b,
which results in specific, testable correlations among neutrino mixing parameters [12].
(iii) It leads to a short-range contribution to neutrinoless double β-decay processes which
dominates over the one from light Majorana neutrino exchange [12], to possibly be within
reach of upcoming experiments.
By inspecting Figure 1 (left) and Eq. (2.1), there are only two possible classes of models
that generate the effective operator O9 from a renormalizable theory:
• Class 1: The only possible renormalizable interaction involving the charged-lepton bi-
linear `cR`R involves an SU(2)L singlet, doubly charged (Y = 2) scalar ρ
++ [12, 14, 15].
The corresponding operator is
Cab `cRa`Rb ρ+ h.c. (2.2)
where Cab is a (complex) Yukawa matrix in flavor space. Trading `cR`R in O9 for ρc yields
the dimension D = 7 operator [14] (see Figure 2 (top-left))
O1BSM ≡ ρc
[
(DµH)
T iσ2H
]2
, (2.3)
which together with Eq. (2.2) breaks lepton number by two units and yields neutrino
masses. The neutrino mass matrix reads
mνab =
1
(16pi2)L+2
Cab
m`am
`
b
Λ
, (2.4)
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Figure 2. Top-left: Opening-up operator O9 in Eq. (2.1) via a ρ++ state, giving rise to the
effective BSM operator O1BSM of Eq. (2.3). Top-right, Bottom-left, Bottom-right: Opening-up O9
via S and χ states, respectively giving rise to the effective BSM operators O2aBSM, O2bBSM and O2cBSM
in Eq. (2.6-2.8). BSM states are depicted in red.
where Λ is an effective energy scale (dependent also on mρ) and L is the loop order of
the ultraviolet (UV) completion of the operator O1BSM. Clearly, the operator needs to be
completed as ρ cannot couple directly to W bosons since it is not charged under SU(2)L.
Besides, the states (charged under SU(2)L) needed to mediate the interaction between ρ
and the W bosons in Eq. (2.3) have to lie beyond the SM. The different models within this
class then differ in the specific nature and properties of these BSM states. In scenarios
without a DM particle candidate, the interactions between ρ and the W bosons can occur
at tree-level [4, 5], yielding L = 0 in Eq. (2.4). In contrast, for scenarios where the UV
completion to O1BSM involves DM particles, the operator O9 is generated at 1-loop [7, 8, 16]
(or higher). This can be understood since a DM stabilizing symmetry, e.g. Z2, constrains
the allowed interactions to achieve a UV completion, requiring in particular an even number
of states charged under the Z2 symmetry. This then yields L ≥ 1 in Eq. (2.4), with DM
mediating the interactions between ρ and the W bosons at loop level. As a result, neutrino
masses are generated in these scenarios at 3-loops (or beyond).
• Class 2: It is also possible to “open-up” the bilinear `cR`R within O9. We introduce
a new scalar S and spin 1/2 fermion χ, with the bilinear χS being singlet under SU(2)L
and with hypercharge Y = 1. The SM right-handed charged lepton `R can now be coupled
to this bilinear via
ga `Ra(χS) + h.c. (2.5)
with ga being a Yukawa coupling. Regarding the hypercharge assignments for S and χ
within the χS bilinear, one possibility is for either χ or S to carry hypercharge Y = 1
(with the other field having Y = 0). The other possibility is for both χ and S to have
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fractional hypercharge (e.g. YS = Yχ = 1/2). In the former case, this allows to trade the
bilinear `cR`R in O9 for either SS (if S has hypercharge Y = 1) or χ¯cχ (if χ has hypercharge
Y = 1), resulting respectively in the effective dimension 8 and 9 operators
O2aBSM ≡ SS
[
(DµH)
T iσ2H
]2
(2.6)
O2bBSM ≡ χ¯cχ
[
(DµH)
T iσ2H
]2
(2.7)
as shown in Figure 2 (top-right, bottom-left). In the case where S carries hypercharge
Y = 1, in order for lepton number to be broken and neutrino masses to be generated —
the presence of (2.5) and (2.6) is not enough (lepton number conserving charge assignments
for χ and S exist if only these two terms are present) — a Majorana mass term for the
fermion mχχ¯
cχ must also be present. Alternatively, when χ carries hypercharge Y = 1
the combined presence of (2.5), (2.7) and a mass term m2sS
2 for the scalar is needed to
generate neutrino masses. In addition, the bilinears χ¯cχ, SS, χ¯c S and χS need all to be
SU(2)L singlets for Eqs. (2.5), (2.6) and (2.7) to be SU(2)L gauge invariant. Both χ and
S then need to transform under the same real representation of SU(2)L. Thus, χ and S
are both SU(2)L n-tuplets with n odd, e.g. both singlets or both triplets
4.
When S and χ have fractional hypercharges, the bilinear `cR`R in O9 can only be
traded by the Y = 2 term (χ¯c S)(χS), yielding the dimension 11 operator (see Figure 2
(bottom-right))
O2cBSM ≡ (χ¯cS)(χS)
[
(DµH)
T iσ2H
]2
(2.8)
which together with (2.5) breaks lepton number by two units. Now only the bilinears χ¯c S
and χS need to be SU(2)L singlets for Eqs. (2.5) and (2.8) to be SU(2)L gauge invariant,
which allows χ and S to transform under complex representations [17] (in addition to the
real representations discussed above) of SU(2)L as long as χ and S transform in a conjugate
representation of each other.
The neutrino mass matrix stemming from operators O2aBSM and O2bBSM reads
mνab =
1
(16pi2)L+3
gagb
m`am
`
b
Λ′
, (2.9)
with Λ′ an effective scale and L the loop order at which the operator O2aBSM or O2bBSM is
UV completed by a renormalizable theory of neutrino masses, which requires new fields in
addition to χ and S. As shown in Figure 2 (top-right, bottom-left) neutrino masses will
in this case be generated at three loops or higher. An exception occurs for O2bBSM when the
neutral component of the field S develops a vev, resulting in `R - χ mixing and neutrino
mass generation at two loops or higher [6].
In contrast, for operator O2cBSM neutrino masses are in general generated at a minimum
of four loops, as apparent from Figure 2 (bottom-right). The neutrino mass matrix then
4Higher SU(2)L representations [17] such as quintuplets or septuplets are also possible, yet viable com-
pletion of the operators O2aBSM, O2bBSM or O2cBSM may become phenomenologically more difficult.
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reads
mνab =
1
(16pi2)L+4
gagb
m`am
`
b
Λ′
. (2.10)
We note that, similarly to the O2bBSM operator, if the field S has a neutral component and
it develops a vev, this can result in neutrino masses being generated at two loops or higher
(L + 2). Apart from this exception, renormalizable models associated to O2cBSM will in
general yield too small neutrino masses (suppressed by four or more loops), and we do not
consider them further in this work.
We also stress that for the above classes of models to give O9 as the leading lepton
number violating operator, no lower order ∆L = 2 operators must be generated by the new
fields χ and S. which may require further ingredients depending on the specific quantum
numbers of χ and S. An appealing possibility is to consider both fields to be odd under a Z2
symmetry. This automatically forbids interactions like e.g. H`Lχ (for an SU(2)L singlet
χ, which would lead to the generation of the ∆L = 2 Weinberg D = 5 operator [11])
or Hχ`R (for an SU(2)L doublet χ). In addition, this Z2 symmetry would stabilize the
lightest Z2-odd particle to provide possible DM particle candidates in these scenarios.
This categorization that UV completions of the lepton number violating operator O9
from Eq. (2.1) fall into one out of two classes, defined respectively by containing the
interaction (2.2) or (2.5), is our first main result. In the next section we investigate concrete
scenarios for neutrino mass generation belonging to Class 1 and Class 2. We discuss the
distinct phenomenological features of each class of models, as well as of each individual
model within its class.
3 UV completions of the O9 operator and their phenomenology
The phenomenology of renormalizable BSM completions of O9 is generically very rich, as a
consequence of the required range of masses and couplings of the BSM fields to reproduce
the observed pattern of neutrino masses and mixings, and includes potentially measur-
able lepton flavour violating processes, contributions to electroweak precision observables,
signatures at the Large Hadron Collider (LHC) and future colliders, direct and indirect
DM signals, as well as short-range contributions to neutrinoless double β-decay of atomic
nuclei. We now discuss general phenomenological aspects as well as specific BSM scenarios
for each class, and leave a detailed analysis of the interplay between neutrino mixing and
neutrinoless double β-decay in Class 1 and Class 2 to section 4.
3.1 Class 1
The presence of the doubly charged scalar ρ++ defines the general phenomenology of this
class of (radiative) neutrino mass models. We note that when the interactions between ρ
and the W bosons in Eq. (2.3) occur at tree-level, this is generally through the mixing of
ρ with the doubly charged component ∆++ of a scalar SU(2)L triplet ∆ with Y = 1 (see
e.g. [4, 5]), which affects the properties of ρ. In this work we focus instead on the case
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Figure 3. Feynman diagrams in Class 1 for lepton flavour violating processes mediated by ρ±± at
tree-level (Left: τ− → e+ µ− µ−) and loop-level (Right: µ+ → e+γ).
where the properties of ρ are not altered through its mixing with other states, yielding a
loop-induced interaction between ρ and the W bosons.
The presence of the ρ++ state has a wide impact on phenomenology. First, ρ mediates
contributions to various lepton flavour violating processes at tree and loop-level (see e.g.
Figure 3). In all cases, these contributions scale as (Cab/mρ)
2. For a neutrino mass matrix
of the form mνab ∝ Cabm`am`b (as in Eq. (2.4)) the matrix entries mνee and mνeµ are in
general unavoidably tiny5. Compatibility with the observed pattern of neutrino mixing
then requires all other entries in the neutrino mass matrix to be mνab ∼ 0.01 eV (see e.g.
Figure 4 from [12]). This induces a generic Yukawa hierarchy (see also the discussion in
section 4) Ceτ  Cµµ  Cµτ  Cττ [12, 14]. As a result, the current most important
constraints on the doubly charged scalar ρ from lepton flavour violation are (see e.g. [14, 18–
20])
µ+ → e+γ BR < 4.2× 10−13 [21] −→ ∣∣∑`C`µC∗`e∣∣ < 2.4× 10−4 (mρ/TeV)2
τ− → e+ µ− µ− BR < 9.8× 10−9 [22–24] −→ |Ceτ Cµµ| < 4.1× 10−3 (mρ/TeV)2
τ− → e+ e− µ− BR < 1.6× 10−8 [22–24] −→ |Ceτ Ceµ| < 4.6× 10−3 (mρ/TeV)2
µ− → e+ e− e− BR < 1.0× 10−12 [25] −→ |CeµCee| < 2.3× 10−5 (mρ/TeV)2
For specific models within Class 1, some of the above lepton flavour violation rates can
become large, which generally leads to stringent constraints within these models [20].
The doubly charged scalar ρ++ contributes to electroweak precision observables through
contributions to the oblique parameters S, T , U [26]. Being an SU(2)L singlet, its contri-
bution to the parameter T vanishes, but not those to the S and U parameters. In Figure 4
we show the dependence on the S parameter with the ρ mass, finding that its contribution
to the S parameter is well within present experimental constraints. Likewise, ρ’s contribu-
tion Uρ = −Sρ [27] remains within the experimental bound ∆U ∈ {−0.09, 0.09} [28]. We
note that additional contributions to the oblique parameters will come from the fields that
UV complete the O1BSM operator; these will be discussed below in the context of specific
models.
5The m2e/v
2 and memµ/v
2 suppression cannot be compensated by altering any coupling constants or
particle masses if they are to be kept within the perturbative and allowed regimes when L > 0.
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Figure 4. Contribution to the oblique parameter S from the SU(2)L singlet ρ
++ as a function of
its mass mρ. Current experimental result is S = 0.02± 0.10 [28], with S = 0 from the SM.
Finally, ρ can be searched for at the LHC through Drell-Yan pair production [15, 29, 30]
pp → γ∗, Z∗ → ρ++ρ−−, with subsequent decays of the doubly charged scalars into di-
leptons. Decays ρ±± → W±W± are also possible [14, 29–32], as well as cascade decays
into BSM states (see e.g. [33]). Regarding the leptonic decays of ρ++, Ceτ is generically
the largest entry in the Yukawa matrix Cab, and thus the dominant di-leptonic decay
mode is ρ±± → e±τ± in this class of scenarios. This has two important consequences:
(i) LHC searches for doubly charged scalars are currently tailored to the decays ρ±± →
e±e±, e±µ±, µ±µ± [34, 35]. The current limit mρ > 420 GeV for an SU(2)L-singlet scalar
ρ±± [35] gets significantly weakened if the decay ρ±± → e±τ± is dominant, due to the
much lower efficiencies for τ -leptons in the final state [30]. Masses down to mρ ∼ 150 GeV
could in principle be allowed. (ii) The dominant decay ρ±± → e±τ± allows to distinguish
this scenario at the LHC and future colliders from others with doubly charged scalars, e.g.
the Zee-Babu model [36, 37] where the dominant decay is ρ±± → µ±µ± or Type-II see-saw
scenarios (see the discussion in [38]).
The collider bounds on mρ imply that the effective scale Λ in Eq. (2.4) becomes of sim-
ilar (or larger) magnitude than such bounds. Sizable Yukawa coupling will then be required
to achieve correct neutrino mass matrix entries, e.g. for meτ ' 0.01 eV and Λ ' 100 GeV,
Eq. (2.4) implies Ceτ & (16pi2)(L−1).6 As a result of this combination of unavoidably sizable
couplings and not too large masses of BSM states, a rich phenomenology is expected in
any particular model realization within this class, with strong constraints on the parameter
space arising from the interplay between low and high-energy observables [7, 8, 14, 15, 20].
In the following we discuss in detail two renormalizable models belonging to Class 1 which
yield neutrino masses at 3-loops and include a DM particle.
6Attention might also be required on that perturbativity is ensured in these scenarios.
– 8 –
3.1.1 Model 1: Inert Doublet Dark Matter (The Cocktail Model)
This model, originally proposed in [7], contains a scalar SU(2)L doublet Φ and a charged
scalar SU(2)L singlet S
± to complete the O1BSM operator of Eq. (2.3). Both fields Φ and S+
are assigned to be odd under an unbroken Z2 symmetry, guaranteeing that no SM lepton
number violating operator with D < 9 exists. The SM fields and ρ++ are even under the
Z2 symmetry. The Lagrangian for such a setup reads7
L ⊃ (DµΦ)†DµΦ + (DµS)†DµS + (Dµρ)†Dµρ− λ5
2
(
H†Φ
)2
(3.1)
−κ1 ΦT iσ2H S− − κ2 ρ++S−S− − ξΦT iσ2H S+ ρ−− − Cab `cRa`Rb ρ++ + h.c.
where a, b are the flavour indices on the right-handed charged leptons `R and Cab is a
(complex) Yukawa matrix. The SM Higgs field H and Φ read
H =
1√
2
(
0
h
)
+
(
0
v
)
, Φ =
1√
2
(
Λ+
H0 + i A0
)
, (3.2)
where v ' 174 GeV is the Higgs vacuum expectation value. H and Φ will not mix due to
their different Z2 symmetry properties. The lightest Z2-odd state is stable, and if this is
one of the two neutral states A0, H0 then the model has a viable DM candidate. In the
following we will consider H0 to be the DM particle.
After electroweak symmetry breaking the charged states Λ+ and S+ will mix if κ1 6= 0
to give the mass eigenstates
H+1 = S
+ sinβ + Λ+ cosβ
H+2 = S
+ cosβ − Λ+ sinβ . (3.3)
with the mixing angle being β. A convenient set of independent parameters for the model
are the masses for the five states ρ, H0, A0, H
±
1,2, the mixing angle β, the couplings ξ, κ2
and the Yukawa matrix Cab. In addition, the remaining parameters of the scalar potential
V (H, Φ, S, ρ) should be properly chosen to preserve vacuum stability (see e.g. [39]) and
leave the Z2 symmetry unbroken.
The Lagrangian (3.1) breaks lepton number by two units if both Cab and λ5 are non-
zero together with either κ1, κ2 6= 0, κ1, ξ 6= 0 or κ2, ξ 6= 0. In the first two cases the
leading contribution to neutrino masses appears at 3-loop order – via the so-called “cock-
tail diagram” shown in Figure 5 (in contrast, in the latter case the leading contribution to
neutrino masses appears at the 5-loop level! This would make the model not phenomeno-
logically viable). The 3-loop neutrino mass matrix mνab has been calculated in [7, 40] and
is given by
mνab = Cab
m`am
`
b s2β
(16pi2)3mρ
m4W ∆m
2
+ ∆m
2
0
v8
(A1 I1 +A2 I2), (3.4)
7The additional interactions from the scalar potential V (H, Φ, S, ρ) are left out for brevity, as they play
no significant role in our discussion.
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b
Figure 5. The “cocktail diagram” yielding neutrino masses in the Cocktail model. BSM propaga-
tors are depicted in red.
where m`a, m
`
b are the SM charged lepton masses (of flavour a, b), s2β ≡ sin(2β), mW =
80.35 GeV is the mass of the W -boson, ∆m2+ ≡ m2H±2 −m
2
H±1
∝ κ1 and ∆m20 ≡ m2A0−m2H0 ∝
λ5. The coefficients A1,2 are approximately given by
A1 ' κ2 s2β + ξ v c2β√
vmρ
, A2 ' 10 ξ, (3.5)
and the integrals I1,2 are shown to be at most O(1) numbers when the masses of the new
states are kept above current bounds from colliders and couplings are kept in a perturbative
regime (see [7, 40] for more details).
Besides the presence of the doubly charged scalar ρ++, whose most relevant phe-
nomenology has been discussed in section 3.1, the states H+1,2, A0, H0 and the connection
between neutrino masses and DM yield a wide range of phenomenological implications,
which we summarize in the following:
Electroweak Precision Observables: Generating neutrino masses of the right size in the
Cocktail model requires large mass splittings among the Z2-odd states H
+
1,2, A0, H0, as m
ν
ab
is proportional to ∆m2+ and ∆m
2
0 (see Eq. 3.4). These large splittings ∆m
2
+, ∆m
2
0 & v2 are
strongly constrained by measurements of the electroweak oblique parameters, particularly
the T -parameter (see e.g. [41]). Thus, partial cancellations among different contributions
to the oblique parameters are needed in the model. This yields specific mass correlations
between the new states [7], mH+2
 mA0  mH+1 ,mH0 (with mH+2 − mH+1  v and
mA0 −mH0 & v).
Dark Matter: The DM phenomenology in the Cocktail model is that of the well-studied
Inert Doublet model [42–44] (see also [41, 45–49] and references therein). Generating
neutrino masses of the right size yields three possible scenarios for obtaining the correct DM
relic abundance: (a) mH0 ' mh/2, the correct DM abundance obtained via annihilation
into SM fermions through a resonant SM Higgs boson. (b) H0 − H+1 coannihilations for
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mH0 ∼ 50−75 GeV and mH+1 −mH0 . (few) GeV
8. (c) mH0 . mW , where the closeness to
the WW threshold regulates the annihilation rate at freeze-out. All three scenarios remain
viable given the current LHC and DM experimental constraints on the model [41, 47–49].
DM direct detection experiments set a strong bound on the DM coupling to the SM Higgs
λH0 , currently λH0 . 0.03 for mH0 < 100 GeV from the latest XENON1T results [53]
(following from an extrapolation of the results in [41]). In addition, the model could
produce a striking monochromatic gamma-ray line [54] detectable by the FERMI - Large
Area Telescope (see [48, 49] for a recent analysis of the Inert Doublet Model in light of
indirect DM detection data).
LHC & Future Collider Phenomenology: The LHC phenomenology of the Z2-odd
statesH+1,2, A0, H0 is similar to that of the Inert Doublet Model, and can lead to multilepton
signatures [45] and jet(s) + EmissT signatures [41, 55, 56]. Given the large mass splittings
required in the model, the Drell-Yan production processes pp→ A0H0 → H0H0Z, Z → ``
(mono-Z), pp→ H±1 H0 and pp→ H±1 H∓1 yield the most promising search avenues at the
LHC and future collider facilities (we note that jet(s) + EmissT signatures strongly depend on
the value of λH0 , currently very constrained by DM direct detection). Current constraints
from LEP and the LHC are rather weak [50, 51] (see also [41, 47]), e.g. the charged state
H+1 is only constrained to lie above ∼ 70 GeV. In addition, the presence of H+1 (H+2 is
too heavy in general) provides a new possible decay channel ρ±± → H±1 H±1 , which would
yield distinctive high-multiplicity lepton signatures via Drell-Yan pair production of ρ (see
e.g. [33]). Finally, the various charged BSM states in the model yield a contribution to
h→ γγ (see e.g. [57, 58]), which can be important if any of the BSM charged states has a
mass around or below 100 GeV.
Lepton Flavour Violation: Neutrino masses of the right size within the model require
Ceτ/mρ & 0.1/TeV, Cµµ/mρ & 10−2/TeV and Cµτ/mρ & 10−3/TeV [7]. As a consequence,
the lepton flavour violating processes µ → e γ and τ− → e+µ−µ− strongly constrain the
model [20]. By inspecting the various present bounds for lepton flavour violation processes
in Table (3.1), an order of magnitude improvement in current lepton flavour violation
sensitivities would then lead to detectable signals or rule out the model.
3.1.2 Model 2: Inert Triplet Dark Matter (The Lollipop model)
This model has been proposed and analyzed in [8]. Besides the SM fields and the doubly
charged scalar ρ++, it includes a scalar SU(2)L triplet ∆ with hypercharge Y = 1 and a
real singlet scalar σ in order to enable a UV completion of the O1BSM operator in Eq. (2.3).
As for the previous (Cocktail) model, both fields ∆ and σ are odd under an unbroken Z2
symmetry, which guarantees that there is no SM lepton number violating operator with
8This region is constrained by LEP and LHC searches for charginos. A reinterpretation of these limits
for the Inert Doublet Model has been performed in [50, 51], yielding mH+ & 70 GeV. In addition, LHC
searches for an invisible width of the 125 GeV Higgs boson yield strong constraints on the mH0 < 62 GeV
region (see e.g. [52]).
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D < 9. The relevant part of the Lagrangian reads
L ⊃ Tr[(Dµ∆)†Dµ∆] + ∂µσ ∂µσ + (Dµρ)†Dµρ−m2∆Tr[∆†∆]−
m2σ
2
σ2
−λHσ |H|2 σ2 − λH∆ |H|2 Tr[∆†∆]− λ˜H∆H†∆∆†H − κ2Tr[∆∆]ρ−−
−λ6 σH†∆H˜ − Cab `cRa`Rb ρ++ + h.c. , (3.6)
where H is the SM Higgs doublet and H˜ = iσ2H
∗ (the additional interactions from the
scalar potential V (σ, ρ,H,∆) are omitted as they will not play a role in the following
discussion). The scalar triplet ∆ is given by
∆ =
1√
2
(
∆+
√
2∆++
∆0 + iA0 −∆+
)
. (3.7)
After electroweak symmetry breaking the mass hierarchy among A0, ∆
+ and ∆++ is gov-
erned by the sign of λ˜H∆ in Eq. (3.6):
m2A0 −m2∆+ = m2∆+ −m2∆++ = λ˜H∆ v2/2 (3.8)
such that there is either mA0 > m∆+ > m∆++ or m∆++ > m∆+ > mA0 . It can also be seen
from Eq. (3.6) that lepton number violation in this scenario requires Cab, κ2, λ6 6= 0. After
electroweak symmetry breaking, λ6 induces a mixing between ∆0, the neutral scalar part
of the triplet field, and σ. This singlet-triplet mixing, sinα, yields two mass eigenstates
S1, S2, with masses
m21,2 =
1
2
[
m2A0 + m¯
2
σ ±
√
(m2A0 − m¯2σ)2 + 8λ26v4
]
(3.9)
with m¯2σ = m
2
σ + 2λHσv
2. From Eq. (3.9) we have mS1 > mA0 > mS2 , with the splitting
between A0 and the mostly triplet-like mass eigenstate (from S1, S2) being controlled by
λ6. The state S2 is the lightest Z2-odd state, and thus a viable DM candidate, provided
that m2A0 −m2S2 > λ˜H∆v2.
Similarly to the previous scenario, the leading contributions to neutrino masses (shown
in Figure 6) appear first at 3-loop order. The neutrino mass matrix mνab has been calculated
in [8] and is given by
mνab = Cab
m`am
`
b
(16pi2)3m2ρ
8κ2λ
2
6 × Iν (3.10)
with Iν an integral that takes a value of O(1 − 10) provided the new states are close to
the electroweak scale [8]. Since the observed neutrino masses and mixing pattern require
the entries in the neutrino mass matrix (except for mνee and m
ν
eµ) to lie in the range
mνab ∼ 0.01 − 0.03 eV (see, e.g. [12]), generating neutrino masses of the right size from
Eq. (3.10) already requires λ6 & 1 and κ2 & 1 TeV. We also note that, if mρ is to lie below
the TeV scale, κ2 cannot be pushed much above the TeV scale since it yields a 1-loop
contribution to mρ of the order δm
2
ρ ∼ κ22/(4pi)2 [37].
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Figure 6. Example Feynman diagrams yielding neutrino masses in the Inert Triplet Dark Matter
Model. BSM propagators are depicted in red.
The phenomenology of this scenario is also very rich, bearing much resemblance to
that of the previous model from section 3.1.1. Both are similar regarding lepton flavour
violation, as the doubly charged scalar ρ++ is the only BSM state interacting with the SM
leptons9. However, the DM phenomenology in this scalar triplet DM scenario is notably
different from that discussed in section 3.1.1, and the additional presence of the doubly
charged scalar ∆++ in this model can have important implications for electroweak precision
observables and LHC physics. A brief overview of the model’s phenomenology is given
below:
Electroweak Precision Observables: Besides the ρ++ contribution to the oblique pa-
rameters, which has been discussed above, all the Z2-odd states ∆+, ∆++, A0, S1,2 yield
contributions to the oblique parameter T (as discussed in [8]), as well as to S and U .
We give explicit expressions for the S, T and U oblique parameters in this model in Ap-
pendix A. The constraints on S, T and U restricts the allowed mass splittings among the
various BSM states. In Figure 7 we show allowed model parameter regions under the con-
sidered experimental bounds on oblique parameters (see Appendix A). Such mass splittings
are mainly controlled by the parameters λ˜H∆ and λ6, leading e.g. to an allowed splitting
|m∆++ −m∆+ | . 50 GeV for λ6 . 0.1 (up to |m∆++ −m∆+ | . 300 GeV for λ6 . 4pi) at
95 % C.L..
Dark Matter: In this scenario DM is a mixture of the scalar SU(2)L singlet and the
(Y = 1) triplet, as guaranteed by λ6 6= 0. When this DM state S2 is dominantly singlet-
like, the model resembles a Higgs portal singlet DM scenario [59–61] (see also [62, 63] and
9Yet, since the allowed values of the ρ++ mass and its Yukawa couplings to SM leptons may differ from
those of the Cocktail model, the predicted strengths of lepton flavour violation processes may be different
in the two models.
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Figure 7. 95% C.L. allowed regions in the (m∆+ , m∆++−m∆+) plane for three different choices
of λ6 (from left to right, λ6 = 0.1, 1, 4pi) in the Inert Triplet model. Yellow regions consider
the combination of S, T and U electroweak precision constraints, while the allowed regions from
considering only the T constraint (∆T ∈ [−0.21, 0.27]) are shown in black.
references therein), and the coupling between the S2 state and the SM Higgs is given by
L ⊃ −λS2
2
S22 (2
√
2 vh+ h2), (3.11)
with λS2 = cos
2αλHσ + sin
2α (λHσ + λHσ)/2 −
√
2 sinα cosαλ6 being a combination of
the various couplings in Eq. (3.6) [8]. The DM triplet admixture provides additional DM
annihilation channels once mS2 > mW . This allows to obtain the correct DM relic density
for lower values of λS2 as compared to the singlet Higgs portal model, making it easier to
satisfy DM direct detection bounds in the present scenario. We also note that S2 −∆++
coannihilations are possible when λ˜H∆ > 0 and m
2
A0
−m2S2 ∼ λ˜H∆v2. It is also worth noting
that such a model yields an elegant way to avoid the otherwise extremely stringent direct
detection bounds on the DM scattering cross section with nuclei via Z-boson exchange
which typically rules-out Y 6= 0 scalar triplet DM models.10
10For an SU(2)L scalar triplet with Y = 1, the mass degeneracy between ∆0 and A0 states in (3.7)
results in a DM scattering cross section with atomic nuclei via Z-boson exchange many orders of magnitude
above current DM direct detection experimental limits. However, if a mass splitting between ∆0 and A0
is induced (here due to the singlet-triplet mixing) the Z-boson exchange process will become kinematically
forbidden and the model could be experimentally viable.
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Besides the tree-level contribution to the DM scattering cross section with nuclei, which
is mediated by the Higgs boson and scales like λ2S2 , there are important loop-induced DM
scattering cross section processes, analogous to those discussed in [64] for the Inert Doublet
model. This means that direct detection constraints cannot be completely avoided, even
if the freedom in the singlet-triplet mixing11 sinα allows to obtain the correct DM relic
density for λS2 → 0. The loop-induced direct detection signal in this model becomes the
same as that of [64], but now weighted by sin2 α.
Apart from a potential signal in direct DM detection experiments, the model could
yield a monochromatic gamma-ray line [54, 67–71] detectable by the FERMI Large Area
Telescope or other gamma-ray telescopes. This signal could be particularly strong for a
light ∆++ state mediating the DM annihilation into photons. We note that such a signal
would be suppressed by sin2 α, but at the same time this mixing needs to be sizable in
order to avoid current DM direct detection bounds, as explained above. Thus DM direct
and indirect detection could be highly complementary to probe this scenario.
LHC Phenomenology: The collider phenomenology of this model bears some resem-
blance to the one described above for the Cocktail model. For m∆++ > m∆+ > mA0 ,
the most relevant processes to search for the new scalars at the LHC are those involving
the neutral and singly charged states. We note that for sizable values of λ6 as needed
for neutrino masses, S1 will be significantly heavier than S2. Then, depending on the
mass splitting mS1 −mS2 and the singlet-triplet mixing, either the processes pp→ ∆±S1,
pp → A0S1, pp → ∆±A0 or pp → ∆±S2, pp → A0S2, pp → ∆±A0 will yield the main
avenues for discovery at the LHC. Both lead to multi-lepton signatures similar to those of
the Inert Doublet model discussed before.
In contrast, for mA0 > m∆+ > m∆++ (e.g. in the coannihilation scenario outlined
above) the Drell-Yan processes pp→ ∆++∆−− and pp→ ∆±±∆∓ may yield the dominant
probe of this scenario. In all cases the collider bounds are expected similar to those on the
Inert Doublet model, only constraining O(100) GeV masses for the new states [41, 47, 72,
73].
To conclude this section, we re-emphasize that already for minimal realizations of
Class 1 neutrino mass scenarios, like the ones discussed above, the phenomenology that
emerges is very rich and all such scenarios share many common phenomenological aspects
– ranging from lepton flavour violation to LHC signatures of new charged states. The
combination of such various observable aspects serves as a very powerful probe to test
these neutrino mass scenarios.
3.2 Class 2
The phenomenology of models within this Class 2 of completions of the O9 operator in
Eq. (2.1) is in principle more diverse than from those in Class 1 discussed above. The
reason is that, as discussed in section 2, χ and S can be both either SU(2)L singlets or
triplets, and either χ or S can be assigned hypercharge Y = 1. There are however a
11For the case of singlet-triplet DM models where the scalar triplet instead has Y = 0, see, e.g. [65, 66].
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few general features worth highlighting: (i) As opposed to Class 1 models, there are no
lepton flavour violation processes at tree-level in Class 2 models due to the absence of a
ρ++ state. The only important lepton flavour violation process is µ → eγ, which occurs
at 1-loop. (ii) As opposed to Class 1 models, all the BSM states (including χ and S)
are odd under a Z2 symmetry, which has an important impact on the phenomenology
of specific models. (iii) Since the models of Class 2 bear resemblance in particle content
(when S carries hypercharge Y = 1) and neutrino mass matrix structure with the Krauss-
Nasri-Trodden radiative neutrino mass model [74], the collider phenomenology and search
strategies for the BSM states are also quite similar to those used to probe the Krauss-Nasri-
Trodden model and related models [75], in particular regarding multi-leptons [76, 77]. (iv)
As already mentioned in section 2, the completion of the operators O2aBSM, O2bBSM in Eqs. (2.6)
and (2.7) needs in general to occur at tree-level, as otherwise neutrino mass generation
happens at 4-loop order, yielding too small neutrino masses to fit neutrino oscillation
data. In the following we discuss several renormalizable models belonging to Class 2,
corresponding to the states χ and S being either SU(2)L singlets or triplets. All these
models yield neutrino masses at 3-loops in the presence of DM.
3.2.1 Model 1: S with hypercharge Y = 1. SU(2)L singlets χ and S
This model was introduced in [16] (see also [78, 79]), considering an extension of the SM
by two SU(2)L singlet fermions χi ≡ NRi (i = 1, 2) with Y = 0, and an SU(2)L singlet,
Y = 1 scalar S+. Here we consider n > 2 SU(2)L singlet fermions (instead of just two)
for reasons that we discuss in detail in section 4.2. As argued in section 2, since S+ is an
SU(2)L singlet we need to introduce extra BSM states in order to mediate its interactions
with W -bosons, and complete the operator O2aBSM (see Figure 2 (top-right)). A way to do
it at tree-level is to also add to the SM an SU(2)L scalar triplet with Y = 0 [16]
∆ =
(
1√
2
∆0 ∆
+
∆− − 1√
2
∆0
)
. (3.12)
All the BSM states ∆, NRi and S
+ are set to be odd under a Z2-symmetry. The Lagrangian
is then given by
L = 1
2
Tr
[
(Dµ∆)
†(Dµ∆)
]
+ (DµS)
∗(DµS) + iNRi/∂NRi
− 1
2
mNiNRiN
c
Ri − giaNRi`cRaS+ + h.c.− V (H,S,∆) (3.13)
with V (H,S,∆) given by
V (H,S,∆) = −µ2H |H|2 + µ2S |S|2 + µ2∆Tr
[
∆2
]
+ λH |H|4 + λS |S|4
+ λ∆
(
Tr
[
∆2
])2
+ λ1 |H|2 |S|2 + λ2 Tr
[
∆2
] |S|2 + λ3 Tr [∆2] |H|2
+ λ4H
†∆H˜S+ + h.c. (3.14)
The combination of λ4 in (3.14), gia and mNi in (3.13) breaks lepton number by two units.
After electroweak symmetry breaking, λ4 induces a mixing between S
+ and the charged
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Figure 8. Three-Loop neutrino mass diagrams for Model 1 (S and χ being SU(2)L singlets) within
Class 2. BSM propagators are depicted in red.
component of the scalar triplet ∆+. The singlet-triplet mass matrix reads
m2(∆, S) =
(
2µ2∆ + λ3v
2 ≡ m2∆0 λ42 v2
λ4
2 v
2 µ2S +
λ1
2 v
2
)
(3.15)
The singlet-triplet mixing sin(β) gives rise to two charged mass eigenstates H+1,2, with
m2∆0 = cos
2β m2
H+1
+ sin2β m2
H+2
λ4v
2 = (m2
H+2
−m2
H+1
) sin (2β) (3.16)
with β ∈ [0, pi/2] and we restrict ourselves to λ4 > 0 so that mH+2 > m∆0 > mH+1 .
The leading contributions to neutrino masses (shown in Figure 8) appear at 3-loops.
The neutrino mass matrix is given by (see also [16, 78])
mνab =
m`am
`
b sin
2(2β) (m2
H+1
−m2
H+2
)2
(16pi2)3 v4
×
n∑
i=1
3∑
j=1
mNi giagib Ij(mNi), (3.17)
where Ij(mNi) are 3-loop integrals for the three topologies (j = 1, 2, 3) shown in Figure 8.
From Eq. (3.16) we observe that there exists an interplay between the generation of
sizable neutrino masses, which are proportional to (λ4v
2)2, and the requirement of satisfy-
ing the bounds from electroweak precision observables, in particular from the measurement
of the oblique parameter T . Its BSM contribution ∆T is experimentally constrained at
95% C.L. to the interval (setting in this case U = 0) ∆T ∈ [−0.07, 0.17] [80], and the
contribution of the new scalars is given by
∆T =
1
4pi sin2θW m2W
[cos2β F∆0,H+1
+ sin2β F∆0,H+2
− 2 sin2β cos2β FH+1 ,H+2 ] , (3.18)
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from the combination of bounds on electroweak precision observables (∆T ∈ [−0.07, 0.17]) and
Eq. (3.16).
with θW the weak mixing angle and
Fi,j =
m2i +m
2
j
2
− m
2
im
2
j
m2i −m2j
ln
m2i
m2j
. (3.19)
For a given value of λ4, which the neutrino masses depend on directly, there is a minimum
value of m2
H+2
−m2
H+1
consistent with Eq. (3.16), corresponding to a fixed λ4v
2 value. We
also find that for fixed λ4, satisfying the T parameter constraint ∆T > −0.07 imposes a
lower bound12 on m2
H+2
−m2
H+1
. This is shown explicitly in Figure 9.
A detailed investigation of the phenomenology of this model and its implications for
DM, as well as a comprehensive study of the parameter space for neutrino masses, is left
for a forthcoming publication [79]. Regarding the phenomenology of the model, we sketch
below the main important aspects to consider:
(i) The collider phenomenology of the model is somewhat similar to that of the Krauss-
Nasri-Trodden scenario (as already mentioned above), bearing at the same time much
resemblance to leptophilic DM scenarios, with the DM candidate (the lightest of the NRi ,
see below) interacting only with the SM through the SM charged leptons (see e.g. [81, 82] for
collider analyses of such scenarios). There is however one important difference in the fact
that the present model could give rise to vector boson fusion signatures at colliders, since the
12While this may sound counter-intuitive, bear in mind that for fixed λ4, a larger mass splitting mH+2
−
m
H+1
results in a smaller singlet-triplet mixing, which ends up balancing the increase in m
H+2
−m
H+1
and
overall decreasing the value of |∆T |.
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kinetic term for the scalar triplet field includes the interaction g2W+µ W
µ+∆−∆− + h.c. ⊂
Tr
[
(Dµ∆)
†(Dµ∆)
]
.
(ii) Concerning lepton flavour violation, the present scenario also resembles the Krauss-
Nasri-Trodden model (see e.g. [83]), retaining in our case only the new physics contributions
proportional to the right-handed charged lepton couplings gia. The µ → eγ process in
particular yields stringent constraints on the allowed parameter space of the model [79].
(iii) A viable DM candidate in this model requires the lightest Z2-odd state to be one
of the singlet fermions NRi (i.e. the lightest of NRi must be lighter than the charged state
H±1 ). We note that the neutral state ∆0 is always heavier than H
±
1 and thus cannot be the
DM. The DM annihilation in the early Universe is mediated by the Yukawa couplings gia
in Eq. (3.13), which generically have to be rather large in order to yield neutrino masses
compatible with neutrino oscillation data. This leads to a suppressed DM relic density
unless mNRi is correspondingly large, and it is not completely clear if such a setup is
phenomenologically viable (e.g. allowing for neutrino masses of the correct size).
3.2.2 Model 2: S with hypercharge Y = 1. SU(2)L triplets χ and S
We now introduce a novel UV completion to the operator O2aBSM for which the fermions
χi and scalar S in Eq. (2.5) are SU(2)L triplets. We extend the SM by n > 2 SU(2)L
triplet fermions χi ≡ Σi with Y = 0 and an SU(2)L triplet scalar S ≡ ∆ with hypercharge
Y = 1, and will now use the labels Σ and ∆ for our fermion and scalar triplets. Since the
state ∆ couples to the SM gauge bosons, we could in principle hope to generate neutrino
masses only through the presence of these two BSM fields. Imposing that both fields are
odd under a Z2-symmetry, the Lagrangian is
L = 1
2
Tr
[
(Dµ∆)
†(Dµ∆)
]
+ iΣRi/DΣRi
− 1
2
mΣiΣRiΣ
c
Ri − giaΣRi`cRa∆ + h.c.− V (H,∆) (3.20)
with V (H,∆) depending on even powers of H and ∆. Since ∆ has hypercharge Y = 1, the
Lagrangian (3.20) turns out not to violate lepton number, thus failing to generate neutrino
masses. In order to violate lepton number, we further introduce a real singlet scalar field
σ. This introduces (among others) the following additional terms to the Lagrangian
m2σσ
2 + λ5σH
†∆H˜ + h.c., (3.21)
which together with the terms in (3.20) break lepton number by two units.
Upon electroweak symmetry breaking, the CP-even neutral component of ∆, which
we label ∆0, mixes with the singlet scalar σ due to the λ5 term. When the lightest Z2-odd
neutral scalar is lighter than the fermion triplet Σ, the ∆0 − σ mixing makes this scenario
viable from the point of view of DM, since DM from a pure inert triplet with Y = 1 is
extremely constrained by DM direct detection experiments, whereas the mixing provides
a mass splitting between the states ∆0 and A0 (the CP-odd neutral component of ∆)
within the scalar triplet, thus avoiding the direct detection bounds (recall the discussion in
section 3.1.2). Alternatively, when the fermion triplet is lighter than all the Z2-odd scalars,
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the neutral component of the fermion triplet Σ0 yields a viable DM candidate, being in
fact a particular realization of the Minimal DM scenario [84]. The DM mass mΣ0 yielding
the correct DM relic density is in this case mΣ0 ∼ 2.4 TeV [84].
3.2.3 Models 3: χ with hypercharge Y = 1
As discussed in section 2, it is also possible to generate neutrino masses via the operator
O2bBSM in (2.7), which together with the interaction (2.5) and the mass term m2sS2 break
lepton number by two units. In this case, the state χ has hypercharge Y = 1 and S has
hypercharge Y = 0, and they can be either SU(2)L singlets or triplets. In both cases, new
physics is required to allow the state χ to couple to the SM SU(2)L gauge bosons in an
appropriate way, in order to yield a renormalizable completion of O2bBSM.
As we are not aware of any specific neutrino mass model of this type in the literature,
we outline in the following two possible setups yielding a renormalizable completion of the
O2bBSM operator: one with χ and S being SU(2)L singlets, and then one with χ and S being
SU(2)L triplets. In both setups we consider χ and S to be odd under a Z2-symmetry.
When χ and S are SU(2)L singlets, the coupling of χ to the SM gauge bosons may
be obtained by introducing an SU(2)L doublet vector-like
13 lepton Ψ with hypercharge
Y = 1/2 and a Yukawa interaction with χ
Yχ ΨH˜χ+ h.c. , (3.22)
with H the SM Higgs doublet (and H˜ = iσ2H
∗). Upon electroweak symmetry breaking,
the interaction (3.22) leads to a mixing between χ and the charged component of Ψ,
which then induces the desired coupling between χ and the SM gauge bosons. The term
(3.22) is however not enough to yield lepton number violation in combination with the
interaction (2.5) and the mass term m2sS
2, so some additional ingredient would be required
to generate a neutrino mass. We can further add a neutral singlet Majorana fermion ψ
with the Lagrangian terms
Yψ ΨHψ +mψ ψ¯
cψ + h.c. . (3.23)
The first term yields a mixing between the neutral component of Ψ and the singlet state ψ.
The combination of (3.22) and (3.23) allows to UV complete the operator O2bBSM and give
rise to lepton number violation together with (2.5) and the mass term m2sS
2. Yet, this is
achieved at the expense of introducing quite a number of BSM fields.
When χ and S are instead SU(2)L triplets, a coupling of χ to the SM gauge bosons is
granted, but it does not directly allow to complete the O2bBSM in a renormalizable manner,
as the χ gauge interactions do not lead to lepton number violation. In order to achieve this
via direct mixing14 with other BSM states, a possibility is again to introduce a vector-like
13In order to guarantee that the model remains gauge anomaly-free.
14The absence of such a mixing (e.g. lepton number violation via interactions between χ and other BSM
fields, which do not result in a mixing with them) would lead to neutrino masses generated at 4-loop order
or beyond.
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fermion doublet15 Ψ with hypercharge Y = 1/2 and neutral singlet Majorana fermion ψ
with the Lagrangian terms
Yχ χ(H~σΨ) + Yψ ΨHψ +mψ ψ¯
cψ + h.c. , (3.24)
with ~σ the Pauli matrices vector and H~σΨ transforming as an SU(2)L triplet fermion with
hypercharge Y = 1. After electroweak symmetry breaking the Majorana singlet fermion ψ
mixes with the neutral components of Ψ and χ, allowing for lepton number violation and
neutrino mass generation at three-loops. Here also the DM candidate may be the neutral
component of the SU(2)L triplet scalar S (with hypercharge Y = 0), with a phenomenology
similar to that of minimal DM [84]. As is clear from the discussion in this section, these
models are rather cumbersome, and we do not explore them further in this work.
In summary, we find that Class 2 neutrino mass scenarios have been barely explored
in the literature, and we leave a more detailed study of specific models for future work [79].
Similarly to Class 1, their phenomenology is expected to be very rich but still somewhat
different, in particular regarding lepton flavour violation due to the absence of the BSM
state ρ++ in Class 2 scenarios. In addition, we show in the next section that there are also
important differences between Class 1 and Class 2 regarding neutrinoless double β-decay
signatures and their interplay with the pattern of neutrino masses and mixings.
4 Neutrino mixing and neutrinoless double β-decay
We now discuss the interplay between the requirements of fitting the oscillation data for
neutrino masses and mixings, and satisfying the bounds from neutrinoless double β-decay
experiments. As we will see below, the combination of these aspects has important conse-
quences for renormalizable completions of the effective operator O9 (this has been studied
in some depth for Class 1 models in [12]).
For the case of Majorana neutrinos, a parametrization of their mass matrix, in the basis
where charged current interactions are flavour-diagonal and the charged leptons e, µ, τ are
simultaneously mass eigenstates, reads
mν = UT mνD U with m
ν
D = Diag (m1,m2,m3) . (4.1)
Here m1,2,3 are the masses of the three light neutrinos and U
T is the PMNS matrix [86, 87],
given in terms of three mixing angles θ12, θ23, θ13 and three phases, a CP phase δ and two
Majorana phases α1 and α2:
U = Diag
(
1, eiα1 , ei(α2+δ)
)
× (4.2) c13c12 −c23s12 − s23c12s13eiδ s23s12 − c23c12s13eiδc13s12 c23c12 − s23s12s13eiδ −s23c12 − c23s12s13eiδ
s13e
−iδ s23c13 c23c13
,
15See [85] for a related implementation of this mechanism for doublet-triplet fermionic DM with hyper-
charge Y = 0.
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Figure 10. Contributions to the neutrinoless double β-decay process. Left: light neutrino exchange
(long-distance contribution), proportional to mνee. Right: short-distance contribution proportional
to 3. The solid red blob corresponds to the O9 effective operator.
where sij ≡ sin(θij) and cij ≡ cos(θij). A global fit to the data from different neutrino
oscillation experiments gives [88] ∆m221 ≡ m22 − m21 = 7.39+0.21−0.20 × 10−5eV2,
∣∣∆m231∣∣ ≡∣∣m23 −m21∣∣ = 2.525+0.033−0.031 × 10−3eV2 (2.512+0.031−0.034 × 10−3eV2) for ∆m231 > 0 (∆m231 < 0),
s212 = 0.310
+0.013
−0.012, s
2
13 = 0.02240
+0.00065
−0.00066 and s
2
23 = 0.582
+0.015
−0.019 (the atmospheric angle
solution in the first octant, s223 ' 0.46, is currently disfavoured by a bit less than 2σ).
Neutrino oscillation experiments are still not fully sensitive to the sign of ∆m231 which
results in two possible mass orderings in the neutrino sector. These are known as normal
ordering (NO) and inverted ordering (IO) and are characterized by
∆m231 > 0 → m1 < m2 < m3 (NO)
∆m231 < 0 → m3 < m1 < m2 (IO) ,
(4.3)
with current oscillation data favouring NO over IO at the 2σ − 3σ level.
Now we turn to look at the neutrinoless double β-decay probe of Majorana neutrinos.
Here we distinguish between two contributions to the neutrinoless double β-decay process
(as shown i Figure 10): a long-distance contribution involving light Majorana neutrinos
(left panel) and a short-distance contribution that directly involves the lepton number
violating effective operator that is responsible for generating neutrino masses, in our case
the O9 operator (right panel).
Both the long- and short-distance contributions to neutrinoless double β-decay are
present in general, and which one is dominant depends on the specific type of lepton number
violating new physics considered. For the scenarios studied in this work, the operator O9
leads to a neutrino mass matrix at two loops or higher (recall Figure 1), with an unavoidably
small mνee element, m
ν
ee  10−4 eV. Thus, the contribution to the neutrinoless double β-
decay amplitude due to a light Majorana neutrino propagator, being proportional to mνee/p
2
(with p2 ∼ (100 MeV)2), is extremely small. However, the O9 operator also gives rise to an
effective tree-level short-distance contribution from the diagram shown in the right panel
of Figure 10, which does not suffer from the extra loop and (m`e/v)
2 suppression that
affects the mνee neutrino mass entry, will largely dominate the neutrinoless double β-decay
amplitude [5, 12].
The emerging effective six-fermion contact interaction from the short-distance contri-
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G01 (10
−14 yr−1) |Mν | ∣∣MSD∣∣ T 0νββ1/2 limit (×1026 yr) future (×1026 yr)
76Ge 0.22 2.52 208.4 0.8 [93] 10-100 [94]
136Xe 1.45 1.74 106.4 1.07 [95] 20-100 [96, 97]
130Te 1.41 2.25 192.8 0.15 [98] > 10 [99, 100]
Table 1. Values of the phase-space factors G01 and nuclear matrix elements |Mν | and
∣∣MSD∣∣
for different nuclear isotopes. The values of G01 are obtained from [91, 101] (see also [102, 103]).
The nuclear matrix elements (NMEs) |Mν | are the averaged best estimates from Ref. [104]. The
NMEs
∣∣MSD∣∣ are the values given in Ref. [105] from their computation using the proton-neutron
quasiparticle random phase approximation (pn-QRPA) approach. For 76Ge and 136Xe they are
found to agree to better than 30% with the NME computation from [91] using the interacting
shell model (ISM), while for 130Te there is roughly a factor two mismatch with ISM. The last two
columns show the current best limit on T 0νββ1/2 for each isotope, as well as the approximate reach of
planned experiments for this decade.
bution corresponding to the right diagram in Figure 10 can be written as (see Refs. [89, 90])
L0νββ = G
2
F
2mp
3 J
µ Jµ e¯(1− γ5)ec. (4.4)
where Jµ = u¯γµ(1− γ5)d is the vector-axial hadronic current and
3 = −2mpASD0νββ , (4.5)
with mp the proton mass and ASD0νββ the total Feynman amplitude for the short-distance
contribution to neutrinoless double β-decay. The nuclear isotope half-life time T 0νββ1/2 from
neutrinoless double β-decays due to light neutrino exchange and 1-loop short-distance (SD)
interactions are, respectively (see e.g. [91]),[
T 0νββ1/2
]−1
= g4AG01
|mνee|2
(m`e)
2
|Mν |2 and
[
T 0νββ1/2
]−1
= g4AG01 |3|2 |MSD|2. (4.6)
Here gA = 1.27 is the axial vector coupling constant and G01 is a nuclear isotope specific
phase-space factor while Mν (light neutrino exchange) and MSD (short-distance) are nu-
clear matrix elements (NMEs) for the specific isotope. Values on these parameters, together
with current experimental limits and future projections for T 0νββ1/2 for different isotopes can
be found in Table 1 (for a comprehensive review, see [92]).
The need to fit the neutrino mass and mixing data from oscillation experiments com-
bined with the bounds from neutrinoless double β-decay affect models within Class 1 and
Class 2 in different ways, as we discuss in the following.
4.1 Class 1
As presented in section 2, in Class 1 scenarios the electron-electron entry of the Majorana
neutrino mass matrix, is given by (recall Eq. (2.4))
mνee =
Cee
(16pi2)L+2
(
m`e
v
)2
v2
Λ
, (4.7)
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is very suppressed, mνee  10−4 eV, irrespectively of the value of the Yukawa coupling
Cee (as long as it remains perturbative). This approximate neutrino mass texture leads to
correlations among neutrino mixing parameters (see [12] for a detailed discussion), via
mνee ≡ c213
(
m1c
2
12 + e
2iα1m2s
2
12
)
+ e2iα2m3s
2
13 ∼ 0 (4.8)
The same suppression partially affects also the mνeµ entry, proportional to Ceµ and yet to
a much lesser extent the mνeτ entry proportional to Ceτ . Altogether this leads to several
predictions for the ranges of neutrino oscillation parameters, including a NO for neutrino
masses, the lightest neutrino mass in the ∼ meV range and a specific correlation between
the values of θ13 and θ23 (see [12] for details).
In contrast, for neutrinoless double β-decay the tree-level short-distance contribution
is induced directly by the operator O1BSM (which is the core of O9 for Class 1 models), and
does not carry the extra two loops and (m`e/v)
2 suppression that is needed to generate mνee.
Instead the neutrinoless double β-decay rates are directly proportional to Cee. From LFV
searches, Cee is constrained to not be too large due to the processes ρ
++ otherwise induce
(discussed in section 3.1). Yet, we stress that neutrino oscillation data do not impose
restriction on any (perturbative) values of Cee.
As a consequence, there is no correlation between the constraints imposed on the
parameters of neutrino mass models of Class 1 by neutrino oscillation data, and the pre-
dictions for neutrinoless double β-decay in this models. Experimental bounds on 3 can
thus be trivially satisfied since Cee is in essence a free parameter, whose value does not
affect neutrino masses and mixings in these models.
4.2 Class 2
For Class 2 models, the neutrino mass matrix can be generically written as (recall Eq. (2.9))
mνab =
n∑
i=1
giagib
(16pi2)L+3
m`am
`
b
v2
v2
Λ′
, (4.9)
with i = 1, ..., n the number of BSM fermions χi in the model. We show in the following
that these models face some difficulty in fitting the neutrino oscillation data. For radiative
neutrino mass models with BSM fermions χi where the flavour structure of the neutrino
mass matrix depends on a product of Yukawa couplings, mνab ∝ giagib, at least n = 2 is
required to fit neutrino oscillation data (as shown in [83] for the particular case of the
Krauss-Nasri-Trodden model). Yet, we demonstrate below that n = 2 is not sufficient for
Class 2 models to fit oscillation data.
As for models of Class 1, here the mνee entry of the neutrino mass matrix has to be
(for perturbative couplings gie) very small, m
ν
ee  10−4 eV, due to the (m`e/v)2 factor
combined with the 3-loop suppression in (4.9). If n = 2, then the neutrino mass matrix
has vanishing determinant, Det(mν) = 0, since
mνab ∝
 g1e g2e 0g1µ g2µ 0
g1τ g2τ 0

 g1e g1µ g1τg2e g2µ g2τ
0 0 0
 (4.10)
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and as consequence the lightest neutrino is massless. We can then use the dependence of
mνee on the neutrino masses and mixings (see Eq. (4.8)) to obtain a lower bound on |mνee|
for NO and IO
|mνee| >
∣∣∣∣√∆m231s213 −√∆m212s212c213∣∣∣∣ (NO)
(4.11)
|mνee| > c213
√
∆m213
∣∣∣∣∣s212 − c212
√
1− ∆m
2
21
∆m213
∣∣∣∣∣ (IO)
which altogether yield |mνee| & 0.001 eV, clearly incompatible with the strong mνee suppres-
sion discussed above. We note that for the only specific neutrino mass model of Class 2
existing in the literature [16] (see section 3.2.1), n = 2 was considered, leading to inconsis-
tently large couplings (well beyond the 4pi perturbativity limit) for the model, as pointed
out in [78].
The above problem is however solved for n ≥ 3, since in this case the lightest neutrino
need not be massless and the lower bounds (4.11) do not apply. Yet, for mνee  10−4
eV, either mνeτ ∼ mνµµ ∼ mνττ ∼
√
|∆m231| or mνeµ ∼ mνµµ ∼ mνττ ∼
√
|∆m231| would
be approximately required to fit neutrino oscillation data [12]. We focus in the following
discussion on mνeτ ∼
√
|∆m231|, bearing in mind that the discussion of the latter option
(with a sizable mνeµ ∼
√
|∆m231|) is analogous in essence but more difficult to be realized
phenomenologically. Then, since
mνab ∝
n∑
i=1
gia gib
m`am
`
b
v
, (4.12)
if we assume no cancellation among the gia gib contributions from different χi states, m
ν
eτ ∼
mνττ leads to gie ∼ giτ×(m`τ/m`e) giτ and then we would also havemνττ ∼ mνee  10−4 eV,
again revealing an impossibility to fit neutrino oscillation data. Thus, for n ≥ 3 there have
to exist cancellations among the contributions to (some of) the mνab entries from different χi
states. This can be illustrated using the model from Class 2a introduced in section 3.2.1 (a
detailed analysis of this model is left for the future [79]), which contains a charged SU(2)L
singlet scalar S+ and a set of neutral singlet fermions χi ≡ NRi (with i = 1, ..., n; n ≥ 3)
as BSM states. The neutrino mass matrix is given in this case by (recall Eq. 3.17)
mνab = λ
2
4 ×
m`am
`
b
(16pi2)3
n∑
i=1
giagibmNi
3∑
j=1
Ij(mNi) =
λ24m
`
am
`
b
(16pi2)3
∑
i
giagibmNi Ii (4.13)
with Ij(mNi) are 3-loop integrals for the three topologies (j = 1, 2, 3) shown in Figure 8,
and λ24 a dimensionless parameter of the model (see section 3.2.1). Neutrino masses of the
right size require O(1) Yukawa couplings and no cancellation among different giegiτ terms
in the mνeτ entry. Then, fitting the observed neutrino mixing pattern from oscillations
demands
mνeτ ∼ mνττ , (4.14)
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Figure 11. Neutrinoless double β-decay 1-loop contributions to ASD0νββ for the Class 2 model from
section 3.2.1. BSM propagators are depicted in red.
which leads to the hierarchy∑
i
giegiτ mNi Ii 
∑
i
giτgiτ mNi Ii (4.15)
for gie ∼ giτ ∼ 1. This clearly implies in general a strong cancellation among different
giτgiτ contributions to m
ν
ττ .
In addition, there is a further difficulty in simultaneously fitting the neutrino oscillation
data and satisfying the constraints from neutrinoless double β-decay. The model from
section 3.2.1 generates 1-loop contributions to the short-distance neutrinoless double β-
decay amplitude ASD0νββ, as shown in Figure 11 and given by
ASD0νββ = λ24 ×
1
(16pi2)
n∑
i=1
giegiemNi
3∑
j=1
Kj(mNi) =
λ24
(16pi2)
∑
i
giegiemNi Ki (4.16)
where the Kj(mNi) are the separate 1-loop integral contributions related to the topologies
shown in Figure 11. These contributions are not suppressed by (m`e/v)
2, as opposed to
mνee, and for gie ∼ 1 the resulting ASD0νββ in fact violates current experimental bounds [78],
unless a cancellation among different giegie terms in Eq. (4.16) is present.
It is nevertheless clear that a cancellation in ASD0νββ may be arranged without affecting
the model predictions for neutrino masses and mixings. For example, by adding a pair of
states NRi (i = 4, 5) to the model with n = 3, such that NR4,5 only couple to electrons
(not to muons or τ -leptons) and demand
5∑
i=4
g2iemNiKi = −
3∑
i=1
g2iemNiKi , (4.17)
5∑
i=4
g2iemNi Ii = 0 , (4.18)
which is a linear system of equations for g24e and g
2
5e that always has a solution (as long as
K4/I4 6= K5/I5). This leaves mνee (generated by the contributions from NRi , i = 1, 2, 3)
unaffected while yielding a total ASD0νββ = 0. Still, the introduction of more NRi states with
tuned couplings only to cancel the contribution to ASD0νββ seems very much ad hoc, and
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altogether highlights the generic difficulty of these models to fit neutrino oscillation data
and satisfy bounds from neutrinoless double β-decay, needing in both cases strong tuning
among model parameters.
5 Conclusions
Among ∆L = 2 higher-dimensional SM operators responsible for the generation of neutrino
masses, those involving SM gauge fields have so far not been explored in detail in the
literature, despite their interesting properties. These include a link between the presence
of SM gauge fields and the chirality of the SM charged leptons in the operator, together
with an automatic loop suppression of neutrino masses and a sizable contribution to the
short-distance neutrinoless double β-decay amplitude, which generally dominates over the
light Majorana neutrino exchange. In this work we have studied in detail the leading of such
∆L = 2 operators with two right-handed charged leptons, appearing at D = 9 and labelled
O9 throughout the manuscript. Neutrino masses from this operator are first generated at
2-loop order and further suppressed by the SM charged lepton masses via m`a/v, thereby
providing a natural explanation for their smallness compared to the electroweak scale.
We have analysed the structure and properties of BSM renormalizable completions to
the operator O9, finding that there are two possible classes of models for such completions.
We have discussed the general features of these completions, highlighting in particular
the connection between neutrino masses and DM in these classes of models, with the DM
candidate being an integral part of radiative neutrino mass generation. A general feature
is that the leading contribution to neutrino masses appears at 3-loop order. For each class,
we have provided examples of specific radiative neutrino mass models (several of them
genuinely new), and have discussed the various phenomenological aspects of these models,
such as lepton flavour violation, collider signatures, the impact on electroweak precision
observables and the DM properties.
Finally, we have paid special attention to the interplay between neutrino mixing and
neutrinoless double β-decay in these scenarios. Both for Class 1 and Class 2 the dom-
inant contribution to the ∆L = 2 neutrinoless double β-decay process comes from the
short-distance amplitude, rather than from the neutrino mass mechanism (light Majorana
neutrino exchange). For Class 2 models, the structure of the neutrino mass matrix imposes
strong cancellations among parameters in order to fit the neutrino oscillation data, and
further cancellations in the neutrinoless double β-decay amplitude are needed to satisfy
the current experimental bounds from e.g. KamLAND-Zen (the possible viability of these
models given the needed cancellations will be explored in [79]). This is in contrast with
Class 1 scenarios, for which no such cancellations are required. Altogether, neutrino mass
models from O9 turn out to be very predictive as a result of the many different phenomeno-
logical aspects they are linked to, which also result in these models (particularly for Class 2)
being severely constrained experimentally.
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A Appendix: Oblique parameters in the inert triplet dark matter model
In order to analyze the impact on the electroweak precision observables from the inert
triplet model in section 3.1.2 (see also [8]), we compute the oblique S, T and U parame-
ters [26]. Following the notation of [106], they read
αem
4 c2W s
2
W
S ≡ ΠZZ(m
2
Z)−ΠZZ(0)
m2Z
− c
2
W − s2W
cW sW
Π
′
Zγ(0)−Π
′
γγ(0), (A.1)
αem T ≡ ΠWW (0)
m2W
− ΠZZ(0)
m2Z
, (A.2)
αem
4 s2W
U ≡ ΠWW (m
2
W )−ΠWW (0)
m2W
− c2W
[ΠZZ(m2Z)−ΠZZ(0)
m2Z
]
−s2W Πγγ(0)− 2 sW cW ΠZγ(0), (A.3)
where Π(p2) are the contributions to the gauge bosons’ self-energies from the BSM fields,
at the (squared) energy scale p2. αem (the fine-structure constant), sW = sin θW (the sinus
of the Weinberg angle), mW and mZ take their experimental values as inferred within the
SM.
When fairly low mass states are present in a model, additional parameters V , X and
W must be included to more precisely describe the impact of BSM physics on electroweak
precision observables [106]. For example, s2W /(s
2
W )SM is as function of S, T and X; the ratio
of decay widths Γ(Z → νν¯)/ΓSM(Z → νν¯) is a function of T and V ; the decay width ratio
Γ(W → all)/ΓSM(W → all) is a function of S, T , U and W . In this work we concentrate
only on the BSM contribution to the most relevant S, T and U parameters, whith ther SM
values set to 0 at a top quark mass mt = 173 GeV, higgs mass mh = 126 GeV and αem
evaluated at the mZ scale [28].
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In order to obtain the oblique correction induced by an inert SU(2)L triplet scalar
with hypercharge Y = 1, a real SU(2)L singlet scalar, and a doubly charged SU(2)L
singlet scalar, we derive the needed Feynman rules and evaluate the BSM contributions to
the gauge boson self-energies Π(p2).
It turns out to be convenient to introduce the following function
B5(p
2,m2i ,m
2
j ) = 4B22(p
2,m2i ,m
2
j )−A(m2i )−A(m2j ), (A.4)
where A and B22 are the Passarino-Veltman scalar functions given in [107] (for a modern
approach to evaluate these functions see, e.g. [108], but note that this reference use an
opposite sign convention for the scalar functions). All the contributions to Eqs. (A.1-A.3)
can now be written in term of the BSM particle masses (m∆++ , m∆+ , mA0 , mS1 , mS2
and ρ++) through the B5 function, and the singlet-triplet mixing angle α. The BSM
contributions to the gauge bosons’ self-energies can be expressed as follows:
Πγγ(p
2) =
αem
4pi
[
4B5(p
2,m2∆++ ,m
2
∆++) +B5(p
2,m2∆+ ,m
2
∆+)
]
+
αem
pi
B5(p
2,m2ρ,m
2
ρ)
ΠZγ(p
2) =
αem
4pi
1
sW cW
[
2 (c2W − s2W )B5(p2,m2∆++ ,m2∆++)− s2W B5(p2,m2∆+ ,m2∆+)
]
−αem
pi
sW
cW
B5(p
2,m2ρ,m
2
ρ)
ΠZZ(p
2) =
αem
4pi
1
s2W c
2
W
[
(c2W − s2W )2B5(p2,m2∆++ ,m2∆++)− s4W B5(p2,m2∆+ ,m2∆+)
+ c2αB5(p
2,m2S1 ,m
2
A0) + s
2
αB5(p
2,m2S2 ,m
2
A0)
]
+
αem
pi
s2W
c2W
B5(p
2,m2ρ,m
2
ρ)
ΠWW (p
2) =
αem
4pi
1
s2W
[
B5(p
2,m2∆++ ,m
2
∆+) +
1
2
B5(p
2,m2∆+ ,m
2
A0)
+
c2α
2
B5(p
2,m2∆+ ,m
2
S1) +
s2α
2
B5(p
2,m2∆+ ,m
2
S2)
]
, (A.5)
where we recall that sα = sinα sets the singlet (triplet) content of the S1 (S2) field.
Additional analytical simplifications are possible, e.g. B5(0,m,m) = 0, and any remaining
expressions and their derivatives are numerically evaluated with the FF package [109].
In order to derive constraints on BSM model parameters from the S, T and U mea-
surements we evaluate the goodness-of-fit with the chi-square
χ2 =
∑
x,y∈{S,T,U}
(x0 − x)V −1xy (y0 − y) (A.6)
From the particle data group [80] we take the experimental best-fit values to be S0 =
−0.01 ± 0.10, T0 = 0.03 ± 0.12, U0 = 0.02 ± 0.11 with the errors denoting the 1-sigma
variances σx, and Vxy is the covariance matrix (or the error matrix) determined by
Vxy = σxσyρxy (A.7)
with the symmetric correlations matrix ρxy given by the entries: ρxx = 1, ρST = 0.92,
ρSU = −0.80, ρTU = −0.93. A p-value of 5% is reached at χ2 = 7.82 (i.e. the 5 % quantile
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for a χ2 distribution with 3 degrees of freedom). The best-fit models have χ2 ' 0. For
example, χ2 ' 0.032 at the point λ6 = 1, sα = 0.111, mρ = 1 TeV, m∆++ = 2.337 TeV and
m∆+ = 2.363 TeV (implying that mS2 = 2.308 TeV, mA0 = 2.390 TeV, mS1 = 2.391 TeV)
with the contribution {∆S ' 0.004, ∆T ' 0.05, ∆U ' 0} in addition to the SM’s {SSM =
TSM = USM = 0}. The regions in the m∆++ −m∆+ plane with p-values > 5 % are shown
in Figure 7, where we made a scan over 50 ≤ m∆++ ≤ 3000 GeV, 50 ≤ m∆+ ≤ 3000 GeV
and −1 ≤ sinα ≤ 1 for three fixed λ6 = 0.1, 1 and 4pi, and for a fixed mρ = 1 TeV. We also
constrained S2 to have a positive mass and to be the lightest among the Z2-odd states, for
it to be potentially viable DM candidate.
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